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Abstract 
Continuous increase in flight passengers alongside with a high demand for fuel efficiency has led to the development of Geared 
Turbo Fans (GTF). Being a safety-critical part, the gearbox faces strong safety requirements that also account for sophisticated
manufacturing processes and monitoring systems. One major issue is tool wear and the threat of tool breakage during the hobbing
process. Due to the high costs of both the raw material and the tool, wear induced tool breakage is a major cost driver. Common
practice today is to use each tool for a designated time, but in-situ online wear assessment would result in a major reduction of 
costs. Tool wear of hobs is not spread equally across all cutting edges; hence the assignment of tool wear to each blade would 
enable a monitoring system to analyze the individual tool life and predict its operational capability. This research paper discusses 
the general feasibility of a blade-oriented monitoring system for gear hobbing processes. A correlation between tool wear and 
effective power is found and analyzed. It can be shown that the respective position of the tool wear changes the effective power
signal significantly. These findings enable further research on an online, model based and position-oriented tool wear monitoring
system. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the NAMRI Scientific Committee. 
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1. Introduction 
1.1. Challenges in Geared Turbo Fans 
The drive for economic aero engines has eventually led to the development of Geared Turbofans (GTF), where a 
gearbox separates the turbo fan from the low-pressure shaft. These gears are subject to very high loads and also very 
© 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the NAMRI Scientific Committee
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strict safety requirements. Due to that, hard to machine materials and special alloys are used that require machining 
with low process parameters (e.g. cutting speed, feed rate). At the same time, tool wear and forces are considerably 
high, so that the danger of a tool breakage during a machining process is paramount. [1] 
Gear hobbing is one of the major gear manufacturing methods, as it has the highest efficiency with outstanding 
accuracy and quality. However, its kinematics and wear mechanisms are highly challenging. It is therefore difficult 
to predict the tool wear. Especially when producing large gears, the decision whether the current tool is capable or 
not of machining one more gear without reaching a critical level of wear is often very difficult. [2]  
An online assessment of the hobbing tool can reduce this problem by giving the possibility to decide upon the 
tool status on a more objective basis and to prevent sudden tool failure during the machining. 
1.2. State of the art  
Process monitoring can be differentiated between online and offline monitoring systems. [3] Due to a lack of 
reliable online tool wear monitoring systems, the offline methods are still widely applied. These methods assess the 
tool wear by optical or visual methods and impose an interruption of the production process. [4] While this 
operation is often performed by the machine operator, new approaches use image processing methods to 
automatically assess the tool wear status of a hobbing tool. [5] 
However, recent research focused on developing online methods for tool wear monitoring, and some systems are 
already commercially available. These systems usually rely on indirect measurement, such as cutting forces, 
vibration, acoustic emission, spindle motor and feed currents. [4] These systems face the challenges that occur from 
changing cutting conditions. Fussel et al. developed a system that uses cutting forces and a force prediction model 
and is independent of the cutting conditions. [6] Due to the high complexity of a hobbing process, the combination 
of several sensor signals within one larger model can increase the accuracy of the system. That is shown in the work 
of Salgado et al. (2013), where a neural network is used to predict tool flank wear during milling using the feed 
drive motor current and the cutting vibration. [7] In another work, Salgado & Alonso (2007) used a LS-SVM as an 
alternative to the neural network in a monitoring system for turning using sound and current signals. [8] 
The leading commercially available system is the CTM V6 from ARTIS Marposs. [9] It is capable to create a 
signature of the process using multi-sensors signals (torque, spindle vibration, power consumption, AE signals, etc.) 
and then use it to verify the actual process state. However, this system requires a high batch size for teaching and is 
not able to detect sudden process changes or a minor tool breakage that only affects one blade. Hence, the 
development of a system that is capable of detecting local wear on a hob or local tool edge breakage would enable a 
safer and more economical production of highly-loaded gears for GTF. 
1.3. Research aim and approach 
As stated above, in order to develop a position-oriented tool monitoring system for hobbing, some basic 
understanding between the tool wear and the measurement signals is paramount. It has been shown that online wear 
measurement currently is either based on expensive sensors (e.g. piezo electrical force sensors) or available for 
simple cutting processes, such as turning. However, simulation-based approaches have proven to be successful for 
complex cutting processes, and forces can be estimated by the use of effective power from the main spindle. [10] 
The research aim of this paper is hence to analyze the effect of tool wear on the effective power signal, and how the 
position of the wear affects this signal. To do so, fly cutter hobbing experiments were conducted and both the 
effective power as well as the tool wear was measured. This was done for three different alloys that are likely to be 
used for highly stressed GTF gears. 
2. Experiments and results 
2.1. Description of experimental setup 
The experiments were carried out on a Liebherr LC 100 machine using the fly cutter hobbing process. This is a 
commonly used process to assess tool wear and other tool influences in a hobbing process, as it projects the entire 
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process on one single blade. The process as well as the parameters used is shown in Fig. 1 (left). The fly cutter 
passes the workpiece once for each generating position, then shifts back and cuts the next gap.  
Figure 1: Experiment setup (left) and CAD image of the gear (right) 
Three different materials were used for the experiments, out of which geometrically equal gears were produced 
until the tool life end was reached. The materials used were 18CrNiMo7-6 in different heat treatments (1x forged, 2x 
quenched and tempered). Fig. 1 (right) shows the CAD image of the gear. The tool wear was measured and assigned 
to the according area of the blade, as shown in Fig. 1 (left). The entire blade flank was divided into 5 segments to get 
more precise information on where the wear occurred. The process itself was monitored by measuring the effective 
power of the main spindle with a frequency of 20 kHz.  
2.2. Experimental results 
The active power curve was taken throughout the entire process. Fig. 2 (left) shows a peak for each generating 
position, where the maximum of these peaks first gradually increases, then reaches a steady area and steadily 
decreases towards the end of each measurement. The blue detail on the left hand side in Fig. 2 shows the power 
signal of one single revolution. The sampling rate was high enough to measure the detailed course of the signal with 
high resolution. The right hand side of Fig. 2 shows the respective maxima of these revolutions for one of the peaks 
(i.e., one generating position). The blue line shows it for a new tool, while the yellow one shows it for the same 
position, but with a now worn tool. The green line shows the ratio of these curves. It can be observed that this line is 
a close approximation to a parallel to the x-axis in the area between t = 0 s and t = 60 s. This means, regardless of 
the level of effective power, tool wear leads to a constant increase of power. 
Figure 2: Effective power signal (left) and comparison of the signal from two different tool states (right)
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Furthermore, the tool wear was measured. During the experiments it became clear that crater wear would be the 
determining factor for the tool life time, as the flank wear did not develop as heavily as the crater wear did. It was 
therefore decided to use crater wear as the determining factor for the end of tool life. This was set at 100 µm of 
crater wear. Fig. 3 shows the respective amounts of wear for the three materials used for each last gear produced. It 
can be seen that while material I only slightly exceeded the threshold, material III lead to a wear of more than 300 
µm in its third and last gear. However, flank wear is at an equal level compared to the last gears of the other two 
materials. 
Figure 3: Development of the tool wear for each material
3. Data analysis  
3.1. Analysis of active power signal 
The data was measured and, to decrease the effect of noise, smoothed with a factor of 12 (Mean value of 12 
measurement points). This caused a slight shift in the time of each index. This shift was adjusted by altering the time 
index of the measurement data with the help of MATLAB. The new signals could then be compared to each other 
by division. Fig. 4 shows the data for four different gears in the same time interval (bold line) as well as the ratio 
between the respective line and the first gear (dotted line). It is clearly visible that the signal as well as the ratio 
increase with the number of gears made by one tool. 
Figure 4: Comparison between the effective power signal of different gears
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Furthermore, the ratio not only increases with the number of gears machined, but also with time within one gear. 
That observation could be made throughout the entire set of measurements. The reason is that the maximum of the 
signal from gears lately produced is shifted towards later times, thus creating an inclination of the otherwise straight 
ratio line (compare to Fig. 2). The cause of this will be discussed later in section 3.2.  
Figure 5: Ratio of the maximum value for peak 14 (left) and Steepness of power ratio curve for experimental series I.x (right)
When looking at all maxima of the same peak (peak 14) and calculate the respective ratios, two things get clear. 
Firstly, the ratio increases roughly linearly with the number of the gear, although for the material III, there were only 
3 gears and thus 2 ratios. Secondly, with a decrease of the easiness to machine of the material, the slope of this 
inclination increases. This proofs the trivial fact that harder to machine materials cause a higher tool wear. Fig. 5 
(left) shows the ratios of the maximum values for peak 14. 
In the fly cutter hobbing process, each process step represents one generating position. Therefore, the chip 
formation differs in each generating position, which results in different wear for each blade. Fig. 5 (right) shows 
how different peaks (e.g., different generating position) result in a change in the steepness a of the ratio curve, 
representing the fact that an unequal distribution of the wear changes the effective power development differently. 
This makes it promising to use the steepness of the ratio curve to determine the exact position of the wear on each 
blade.
3.2. Analysis of tool wear status 
As mentioned above, the major tool wear criterion was crater wear, which occurred in the RFÜ section of the 
blade. For the material I series, this is also the section where the highest flank wear occurred, which would mean 
that this section was subject to the highest load. Fig. 6 shows the RFÜ section of the material I series. In the left top 
section of Fig. 6, the graph shows how the maximum cutting length develops over the unrolled cutting edge. The red 
circle shows the maximum of that curve, which is in the RFÜ section. It can therefore be concluded that for the 
material I, the wear reaches its maximum in the area with the highest cutting length.  
Fig. 5 (right) shows the inclination of the ratio curve of the power signal. As stated in the previous section, the 
reason for the positive inclination is that the section with high tool wear (i.e. RFÜ) cuts at a time period of the 
process which is after the middle, where the maximum of the power curve usually occurs. Since higher tool wear 
leads to higher power consumption (see section 2), this effect overshadows the effect of the decline of the usual 
power signal, so that it is still increasing for several seconds, instead of dropping. This leads to the inclination. It is 
yet to be researched on how exactly the inclination correlates with the position of the crater wear. 
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Figure 6: Correlation between maximum cutting length and tool wear position
However, when investigating series II and III, the crater wear is still at the RFÜ section, but the maximum flank 
wear is at different sections. Since the inclinations of the power signal are similar to series I.x, and the crater wear at 
RFÜ is still determining the end of the tool life in these series, it is yet to be investigated how flank wear influences 
the power signal. 
4. Conclusion 
It was shown that the effective power signal increases with an increase of tool wear, which is an expected 
observation. However, it could also be noticed that regardless of the value of the power signal, its increase in 
comparison to a signal from a new tool is relatively constant. This leads to the assumption that the power ratio, 
gathered at any point of the signal, can be used to assess the tool wear status. Fig. 7 shows the ratio at the respective 
maximum point of the power signal for all three series and several different peaks. 
Figure 7: Effective power ratio R(x) over crater wear for selected gears
It can be seen that, regardless of the level of crater wear, the ratio follows (with the exception of few data sets) a 
straight line, where 100 µm of crater wear are equivalent to 12% increase of the power signal. Since 100 µm was set 
as the limit for the tool life, only few points could be gathered beyond that point. However, even the very high crater 
wear of approximately 300 µm lies within close range of that line. It may therefore be assumed that crater wear 
leads to a linear increase in the effective power signal of a fly hobbing process. It is, however, yet to be analyzed 
how these finding can be transferred to the real hobbing process.  
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Figure 8: Coefficients of correlation for all gears 
Fig. 8 shows the coefficients of correlation for several, selected peaks between the ratio R(x) and the inclination 
coef a of the ratio curve, the crater wear and the number of the gear (all left side of Fig. 8) as well as the coefficient 
of correlation between coef a and the crater wear and the number of the gear (right hand side of the same figure). As 
Fig. 8 suggests, the ratio R(x) correlates rater strongly with the crater wear, and even stronger with the number of 
the gear. This is one more proof of the feasibility to use the effective power signal for an online tool monitoring 
system in the hobbing process.  
One other thing that can be derived from the data in Fig. 8 is the steepness of the power curve, coef a. As can be 
seen from Fig. 2, peak 7 is at the beginning of the process, while peak 14 is in the middle section and peak 21 in the 
declining section of the process signal. Therefore, the chip formation is different at each of the peaks. This leads to 
the assumption that the coefficient coef a bears some information on the position of the wear on the blade, as 
suggested in chapter 3.1. A positive coef a would then mean the wear is greater towards RF, a negative would mean 
it is located rather towards LF. A flat curve, i.e. a very small coef a, would mean it is located near the tool tip. 
5. Outlook and further investigation 
The findings presented in this paper show that the effective power signal bears the potential to give online 
information not only about the entire hob, but also about each individual blade. It has been shown that the (crater) 
wear of a single blade correlates strongly with the effective power signal, and there is evidence that the shape of the 
power signal gives much deeper information, especially with respect to the exact position of the tool wear on the 
blade. However, these findings were made with a fly cutter hobbing process. It is hence to be investigated how these 
results can be transferred to the real hobbing process. 
Figure 9: Basic concept of SPARTApro
R(X) Coef a
Peak 07 Peak 14 Peak 21 Peak 07 Peak 14 Peak 21
coef a 0,580 0,868 0,959 - - -
Crater wear 0,790 0,88116281 0,843 0,506 0,673 0,637
#Gear 0,979 0,992 0,979 0,502 0,848 0,943
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One possible approach is the combination of the effective power signal with simulation data. As stated in section 
1.2, currently available tools use internal power data with low resolution and small sampling rate. These are not able 
to measure the effect of wear on each single cutting blade. Measuring with external sensors that use a sample rate of 
up to 20 kHz enables the acquisition of enough information to evaluate the status of each single blade. A simulation 
of the cutting process with respect to the individual blade would make it possible to determine the excess power and 
thus the influence of the tool wear on the power signal. SPARTApro is a simulation tool developed at the gear 
department of WZL and enables such a simulation. [10] Fig. 9 shows the basic concept of SPARTApro. This makes 
it promising to use the steepness of the ratio curve to determine the exact position of the wear on each blade.  
The combination of measurement data and the simulated values bears a large potential for a position-oriented 
monitoring system for the hobbing process. This information should be enhanced by other sensor signals, such as 
highly-frequent acoustic emission (AE) in a range of 50 kHz to 1 MHz. It was already shown that tool break results 
in sharp outburst through the entire spectrum of the AE signal, c.f. Fig. 10. The research goal in this area is to find 
how exactly these bursts behave for broken blades of a hobbing tool, and if it is also possible to see edge breaks in 
the signal. 
Figure 10: Effect of tool break on AE signal for a face milling tool (red circle) 
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